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RESEARCH MBMORAMDUM 

TURBORROP-ENGIHE DESIGN CONSIDERAITICWS 
n - DESIGN REQUIREMEHTS AND EERPORMANCE OP TURBOPROP ENGINES 
WITH A SINGLE-SPOOL EIGH-PRESSUEE-RATIO COMPRESSOR 
By Elmer H. Davison and Margaret C. Stalla 


SUMMARY 

The effect of mode of engine operation_, engine configuration, and 
airplane flight condition on the performance and design requirements of 
a turboprop engine with a high-presstire- ratio single-spool compressor 
is investigated. Both single- spool engines (turbine drives both compres- 
sor and propeller) and gas -generating engines (free- turbine drives pro- 
peller only) are considered. The analysis uses hypothetical performance 
characteristics of a single-spool compressor with a design-point pressiore 
ratio of 14.4. The flight conditions Investigated range from sea- level 
take-off to 600 miles per hoxir at 40,000 feet. 

The free-turbine engine appears less versatile than the single- 
spool engine, because the range of txzrbine-lnlet temperature over which 
it can operate is restricted. The two engines also differ in turbine 
requirements, which are more criticeil for the free-tiarbine engine. Op- 
eration appears more favorable with variable than with constant exhaust- 
nozzle area, because the turbine can be designed for a much smaller 
blade stress and frontal area and the other turbine requirements are 
less critical. Use of a variable exha\ast- nozzle area has only a minor 
effect on specific fuel consumption. 


INTRODUCTION 

An investigation of the performance and the design problems of tur- 
boprop engines has been conducted at the NACA Lewis laboratory. Some of 
the turbine design problems encountered in a txjrboprop engine with a 
single-spool compressor of current pressure ratio (7.32 at design) were 
Investigated in reference 1. The same compressor was used in reference 2 
to study the effects of mode of engine operation on engine performance. 
Other cycle analyses such as references 3 and 4 have shown that lower 
engine specific fuel consumption can be obtained with engines having 
higher compressor pressixre ratios. 
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The subject report presents the effects of mode of engine operation, 
engine configuration, and airplane flight condition on the performance 
and design requirements of a turboprop engine vith a high-pressure-ratio 
single-spool compressor. A steady-state engine cycle analysis is made 
for a range of flight conditions. Frort this cycle analysis, the relative 
size of different engine components and other design requiranents are 
determined. Both single-spool engines, in ■which the turbine drives both 
the compressor and propeller, and gas-generating engines, in which a free- 
turbine drives only the propeller, are considered. Hypothetical perform- 
ance characteristics of a single-spool :compressor with a design-point 
pressinre ratio of 14.4 etre lised in the analysis. 

The following three modes of engine operation are considered for 
flight conditions ranging from take-off to speeds of 600 miles per hour 
at 40,000 feet; 

I. Compressor operating at constant design rotative speed 

II. Compressor operating at design ; equivalent conditions at eill times 

III. Compressor operating at constant equivalent design rotative speed 

For the free- turbine engine configuration, only modes I and III are 
considered. 

The engine parameters invest^ated are sp^ec^lc fuel consumption, 
tijrbine- inlet temperature, tiirbine preas\ire ra'bip, exhaus't- nozzle area, 
turbine frontal area, turbine blade stress, rotative speed, and equiv- 
alent weight flow at txrrbine entrance. The specific fuel consumptions of 
the engines of this report and those of. reference 2 are compared. 


SYMBOLS _ . 

The following symbols are \ised in this report: 

A area, sq ft 

g gravitational constant, 32.17 ft/sec^ 

P* engine power (shaft horsepower plus equivalent shaft horsepower 

of net thrtUBt), hp 

p pressure, Ib/sq ft 

S centrlf\jgal stress, psi 

sfc specific fuel consumption (based on engine power P*) , Ib/hp-hr 
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CM 

cn 

CO 




T temperatijre, °R 

Uij ^ tijrbine tip speed, ft/sec 

V -weiglit flow, Ib/sec 

6 ratio of pressure to 2116 Ib/sq ft 

T) efficiency 

6 ratio of temperatiare to 518.4° R 

p density, Ib/cu ft 

+ stress-reduction factor for tapered blades 

oj rotative speed, radians/sec 

Subscripts: 

b blade 

c compressor 

p propeller 

X annular 

1 ambient 

2 compressor inlet 

3 compressor outlet 

4 turbine inlet (fig. l) 

4a exit of gas-generator tvirblne (fig. 1(1)) 

5 turbine outlet (fig. l) 

6 exhaust-nozzle outlet 

Superscripts: . _ .. 

* total or stagnation state 

" total or stagnation state relative to rotor 
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ANALYSIS 

Engine Configurations 

Schematic diagrams of the two engine configurations analyzed along 
with the station designations used in the analysis are shown in figure 1. 
The engine referred to herein as a single- spool engine (fig. 1(a)) is 
characterized by one turbine delivering all the power absorbed by the 
propeller, gearbox, and compressor. In addition, the power obtained from 
the turbine, and therefore the power that must be absorbed by the propel- 
ler, may be varied by changing the exhaust-nozzle area. 

fnie engine referred to herein as a free-turbine engine (fig. 1(b)) 
is cheiracterized by a gas-generator unit delivering hot-gas to a free- 
turbine that drives the propeller. Other characteristics of this unit 
are: (l) the power output of the gas-generator turbine must equal the 

power absorbed by the compressor, and (2) the power obtained from the 
free-t-urbine, and therefore the power that must be absorbed by the pro- 
peller, may be varied by changing the exhaust -nozzle area. 


Assigned Flight Conditions and Operating Modes 
The four flight conditions considered are: 




Flight 

condition 

0 

A 

B 

C 

Altltiide, ft 

0 

40,000 

40,000 

19,000 

Flight speed, n^h 

0 

600 

400 

400 

Flight Mach number 

l2_ 

0.906 

0.604 

0.564 


For the single- spool engines over the range of flight conditions 
investigated, the following three modes of engine operation were 
considered: 

I. Compressor operating at constant design rotative speed 

II. Compressor operating at design equivalent conditions at all times. 
Accomplished by assuming turbine could accommodate resiolting 
variations in tiirblne- inlet equivalent weight flow by tiurbine 
stator adjustment. 

III. Compressor opeTatii^g at constant equivalent design rotative speed 

Operation of the gas-generator unit of the free-turbine engine \mder 
modes I and III was considered. The more general case was analyzed by 
assuming the free-turbine could accommodate a variation in inlet equiva- 
lent weight flow by turbine stator adjustment. The characteristics 
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of the more specific cases could, then he determined hy considering the 
inlet equivalent weight flow to the free-turhlne to be constant. Assum- 
* ing that the turbine-inlet equivalent wel^t flow is constant implies 

that the area of the first turbine stator is fixed and that the first 
stator is choked. 


CoD 5 >ressor Performance 
w 

tn The hypothetical performance map of the high-pressxire-ratlo single- 

CD spool ccaupressor xised in the analysis is shown in figure 2. These hypo- 

thetical performance characteristics weare compounded by analytically 
estimating the change in perfoimance resulting from tLe addition of sev- 
eral. stages to the ei^t-stage compressor reported in reference 5. At 
design-point operation the equivalent tip speed of the hypothetical 
compressor is 1168 feet per second, the pressure ratio is 14.4, the 
equivalent wel^t flow per unit compressor frontal area (based on com- 
pressor blade tip diameter) is 30.2 pounds per second per square foot, 
and the compressor is operating near peak efficiency at 83 percent. 

Turbine-inlet temperature was related to compressor performance for 
modes I and III by assigning a tvirbine-inlet- temperature of 2100° R at 
sea- level static and compressor design-point operation and by assuming 
^ constant turbine-inlet equivalent weight flow. As stated previously, 

assuming that the tiorbine-inlet equivalent weight flow is constant im- 
plies that the area of the first turbine stator is constant and that 
the first stator is choked. For these assumptions, lines of constant 
engine temperature ratio (ratio of burner-exit to compressor- inlet total 
temperature) can be superimposed cai the ecmpressor map as shown in fig- 
ure 2. These temperature- ratio lines do not apply to mode II, for which 
the conq)ressor equivalent operating conditions remain fixed at the de- 
sign point. For mode I the compressor operates at a constant rotative 
speed, or along a different constant equivalent speed line for each 
flight condition. For mode III the compressor operates along the 100- 
percent equivalent rotative speed line for 1 flight conditions. 


Cycle Analysis 

The assumptions and the manner in which the cycle analysis was 
carried out for the single- spool engine are the same as in reference 2. 
The following conditions are assumed: 

100 
80 

95 
0.95 


Ram recovery, percent 

Propeller efficiency, Hp, percent 

Gearbox efficiency. Tig, percent . 

Burner total-pressure ratio, p'/p' 

4 3 
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Biamer efficiency, percent 100 

Turbine adiabatic . efficiency (based on turbine total-pressure 

ratio ) , percent 85 

Tail-cone total-pressure ratio, Pg/P^ 0.95 

Exhaust-nozzle efficiency, percent 100 

Ratio of specific heats in ccrapressor * 1.40 

Ratio of specific heats in turbine ^ 1.30 

Gas constant, ft-lb/(lb) C^) 53.4 


The jet velocity was calculated frcaa the ratio of exhaust-nozzle total 
pressure to ambient-air pressure Vq/vx* nozzle efficiency of 100 per- 
cent, and the turbine -outlet total temperatinre Tg. The turbine -inlet 
equiveilent weight flow w^ V ^/®4 assumed to be constant for modes 

I and III but is allowed to vary for mode II. The air flow through the 
compressor is assumed eq.\ial to the gas flow through the turbine. 

The cycle calciilations for the free- turbine engine differ from 
those for the single-spool engine in the following ways: 

(1) The inlet equivalent weight flow gas- 

generator turbine is assumed c onsta nt for both modes I and III, while 
that of the free-t-urblne ^ 43 ^ V®J^/^ 4 a allowed to vary. 

( 2 ) For the free- turbine engine, an additional requirement must be 
met, that the work outputs of the turbine and compressor of the gas- 
generator unit be equal. 

( 3 ) Adiabatic efficiencies of 85 pefCeCt are assumed for both gas- 
generator tvirbine and free-turbine . 

( 4 ) For the free-turbine engine the portion of the pressure ratio 
visjvx taken across the free-turbin6 at fixed engine operating condi- 
tions is varied, as is that for the single-spool engine (p^/p^^) . Fixed 

engine operating conditions in this instance mean a given flight condi- 
tion, mode of operation, and turbine-inlet temperature. 

For both engines a range of burner-outlet temperature from 2000° 
to 2500° R was assigned at flight condition 0 (sea-level static) . At 
altitude the range of temperatinres was from 1600° to 3000° R. 

The specific-fuel-consumption vgLues obtained in reference 2 by 
operating with a prescribed exhaust-pozzle area were near the minimum 
obtainable. This characteristic elso holds for the high-pressure- ratio 
engines analyzed in this report, as can be determined before calculating 
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the sfc values. For this reason, only operation with constant exhaust- 
nozzle area is considered in calculating sfc. In these calculations, 
a value of 1.40 is prescribed for the ratio of exhaust-nozzle area to 
compressor frontal area Ag/A^,. IThis area ratio represents a good com- 
promise between optimum engine operation at take-off and the other flight 
conditions considered. 




Component Size and Stress 

The stress presented herein is the centrifugsil stress at the root 
of a turbine rotor blade. Reference 6 shows that this stress can be 
determined from the following equation: 

”^’ 1 ' 

Of the modes of engine operation and flight conditions analyzed, only 
those resulting in the highest blade stress are considered in calculat- 
ing the stress. However, the effects of other modes of engine operation 
and flight conditions on turbine stress are discussed. As will be seen, 
in the single- spool engine the rotative speed and required turbine- 
outlet annular area are greatest with mode I and constant exhaust-nozzle 
area, so that the highest stresses are encountered under these condi- 
tions (see eq. (l)). The stresses calculated were a nrtulTmiTn for these 
operating conditions, since the turbine is considered to be at limiting 
loading at all times. The stresses calculated in this manner are design- 
point values, which inrplies that turbines designed for the low-stress 
conditions would not be suitable for operation at the higher stress con- 
ditions if constant exhaust-nozzle area tinder mode I operation is 
stipulated. 

Limiting loading is assumed to occur at an exit axial Mach number 
of 0.7 for tide analysis . Limiting loading occurs when a further In- 
crease in pressure ratio across a turbine does not produce an Increase 
in turbine work output. The exit n.xial Mach number at which limiting 
loading occurs is discussed in reference 7. The other assumptions 
involved in the stress calculation are: 

Stress -reduction factor for tapered blades, i|r 

lo of exhaust-nozzle area to compressor frontal area, Aq/A^ . . 

Density of blade material, Pjj, Ib/cu ft 

Compressor blade tip velocity, ft/sec 

The turbine was sized with respect to the compressor for the same 
operating conditions used to calculate turbine blade stress. One addi- 
tional assimptlon is made, that the hub-tip radius ratio of the last 


0.70 

1.40 

500 

1168 


( 1 ) 
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turbine rotor is 0.6. This assumption is also used to determine the 
total temperatvire relative to the last rotor at the hub section. Assum- 
ing some val\ie other than 0.6 for the; hub- tip radius ratio would change 
the numerical values obtained from the analysis slightly but not the 
relative magnitudes on which the conclusions are based. 


RESULTS AHD DISCUSSION 
Single- Spool Engine 

The results of the cycle analysis for the single-spool engine sire 
presented in figiires 3 and 4. Figure 3 presents the variation in engine 
power with exhaust-nozzle area for lines of constant turbine- j nl et tem- 
perature and turbine total-pressure ratio for the different modes of 
engine operation and flight conditions considered. The engine power 
plotted in these figures is the sum qf the shaft horsepower delivered 
to the propeller plus the equivalent : shaft horsepower of the net jet 
thrust. Figure 3 shows the effect of the division of the over-all ex- 
pansion ratio .between the tiirblne and exhaust nozzle on the en- 

gine power. In addition, these figures are lised in determining the tur- 
bine design reqvdrements for the various operating conditions. 

The variations in specific fuel, consumption with engine power for 
various flight conditions and modes of operation are presented in fig- 
ure 4. The sfc was calculated us ing reference 8 and figure 3 for a 
constant ratio of exhaust- nozzle areh to compressor frontal axe& A^/a^ 

of 1.40 and various turbine- inlet tepg>eratures . An area ratio of 1.40 
represents a good compromise between, the optimum engine operating condi- 
tions for take-off and the other flight conditions considered, as is 
apparent upon inspection of figure 3;. As in reference 2, slightly lower 
sfc in some instances could be obtaiined if the exhaxast-nozzle area were 
varied. Because the improvement in sfc is minor, only curves for con- 
stant exhaust-nozzle area are included. 

The variations in sfc shown in figure 4 are very similar to those 
obtained for the low- pressiu*e-ratlo engine analyzed in reference 3. 
Minimum sfc is obtained at flight ' condition A f600 raph at 40,000 ft). 
Dropping the flight speed to 400 miles per hour (condition B) in general 
raises the whole level of the sfc .curves, while decreasing the eJ-ti- 
tude to 19,000 feet (condition C) raises the level of the sfc curves 
even more. At the higher power outputs, these curves show that there 
is no marked advantage of one mode pf operation over another. The chief 
differences between the sfc curve? of this analysis and those of ref- 
erence 3 for a low-pressure-ratio engine are: 



3548 


NACA RM E55B18 


9 


(1) The minimum sfc for a given flight condition le lower for the 
high-pressure-ratlo engine (about 14, percent less at condition A) . 

( 2 ) The relative Increase in sfc with decreasing altitude and 
flight speed is less for the high-pressure-ratlo engine. 

The higher turbine- inlet temperatures obtained with mode II opera- 
tion were possible because the ccmpressor did not encounter surge. As 
pointed out previously, mode II con^licates the engine design in that 
adjiistable turbine stator areas must be employed in order to achieve 
this type of operation. From the sfc curves (fig. 4) it appears, as 
in reference 2, that slightly lower sfc can be obtained tander mode III 
without any added complication to the engine. 


Free- Turbine Engine 

The results of the cycle analysis for the free- turbine engine are 
presented in figiires 5 and 6. Only the results for mode III are pre- 
sented, since mode I was very similar. For mode III, constant con^res- 
sor eqtilvalent rotative speed and adjustable free-t\irblne stator areas 
g were assumed. Figiure 5 presents the effect of flight condition on en- 

gine design requirements. For each flight condition the variation in 
” engine power with exhaust-nozzle area is presented for lines of constant 

gas-generator-turblne inlet temperat-ure and free-turblne total- pres sure 
ratio. •In addition, the variation in gas-generator-turbine total- 
pressure ratio and the variation of the inlet equivalent weight flow to 
the free-turblne with the gas-generator-turblne inlet temperature are 
presented. The variation of sfc with engine power of the free-turblne 
engine for various flight conditions and mode III operation is presented 
in figure 6. The performance presented is for a ratio of exhaust- nozzle 
area to compressor frontal area Aq/a^ of 1.40 and a range of gas- 

generator-turbine inlet tenperatures . Similarly to the single-spool 
engine, the area ratio of 1.40 represents a good compromise between the 
optimum engine operating conditions for take-off and the other flight 
conditions considered, as can be noted from figvire 5. 

The sfc curves for the free-turblne engine differ from those 
shown for mode TTT operation of the single-spool engine only as a result 
of the turbine-efficiency assumptions. Taking part of the over-all ex- 
pansion ratio across the gas-generator tvirblne and part across 

the free-turblne while assimilng an adiabatic efficiency of 0.85 for both 
' tiurbines results in a slightly higher adiabatic efficiency for the over- 

all tin-blne expansion process. Thus, for the free-turblne engine, the 
efficiency for some over-all turbine expansion process would be greater 
* than for a corresponding expansion across the single-spool turbine. 
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This higher adiabatic efficiency for the over-all tijrbine expansion 
process is ref lected lower sfc for the free-tiorbine engine than for 
the single- spool engine (cf. figs. 4(c^ and 67^ 


Engine Compeirison 

The free- turbine and the single-spool engines differ principally 
in the turbine requirements. Table l(a) shows the variation in turbine 
requirements for the two engines between fl^ht conditions 0 and A for 
mode III operation with constant burned- outlet "temperature. Table l(b) 
shows the variation in turbine requirements for the two engines between 

burner-outlet temperatures of 1600° an,d 2600° E for mode III operation 
at flight condition A. A ratio of exhaust-nozzle area to compressor 
frontal area Ag/A^ of l.iO was prescribed in determining the turbine 

requirements in table I. 

High txjrbine pressure ratios can be obtained without any penalty in 
ttarblne efficiency, although these high pressure ratios increase the 
number of turbine stages required. However, the range of pressiu-e ratio 
over which a conventional turbine can: operate efficiently is limited if 
the equivalent rotative speed of the turbine does not vary greatly (±15 
percent of design). In table I the range of equivalent rotative speed' 
for the gas-generator turbine and the turbine for the single-spool engine 
is roughly 20 percent of design. Ho rotative- speed variation was speci- 
fied for the free-turbine. 

I ..... 

The variation in pressiure ratio across the free-turbine and the 
6 ingle- spool turbine shown in table I i could be reduced by the use of 
variable exhaunt -nozzle area (e.g., fig. 3(b) mode III and fig. 5(b)). 
However, it is apparent from figure 5(b) that use of a variable exhatist- 
nozzle area would not aid in reducing: the variation in pressure ratio 
across the gas-generator turbine nor ibhe variation in inlet equivalent 
weight flow to the free-turbine. . ■ . 

It may not be possible to obtain a high efficiency over the range 
of rotative speed and pressure ratio phown in table I for the turbine 
of the single-spool engine. However, the variation in pressure ratio 
could be reduced, if not eliminated, liy ;iae of a variable exhaust-nozzle 
area, thereby permitting a high turbine efficiency to be maintained over 
the entire range of engine operation. 

Tn order to obtain the free-turlqine pressure ratios shown in table I, 
multistage turbines would probably have to be employed. Although effi- 
cient performance over a wide range Of inlet equivalent weight flow has 
been achieved for a single-stage turpine (ref. 9), no similar performance 
has been demonstrated for a multistage turbine. Even if a variable 
exha\ist-nozzle area were used to redi|.ce the maximum pressiire ratio across 
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the free- tTarhine and thereby the range of pressirre ratio over which it 
must operate, the tiirbine would still have to contend with the variation 
in inlet equivalent weight flow. !Ehe task of maintaining high turbine 
efficiency over the engine operating range wcruld be much more difficult 
for the free- turbine than for the turbine of the single- spool engine. 

The task of maintaining high turbine efficiency over the engine operating 
range would also be more difficult for the gas -generator turbine than for 
the t\rrbine of the single-spool engine, because, as mentioned previously, 
the range of pressiore ratio imposed across the gas-generator turbine can- 
not be reduced by iising an adjiostable exhaust-nozzle area. 

Another feature Inherent in the free-turblne engine is that the 
gas-generator turbine and the free-turblne perfonnances must be well 
matched in order to obtain good over-all performance. It is concluded, 
then, that the free-txarbine engine has more critical turbine require- 
ments than the single-spool engine. If the inlet equivalent weight flow 
to the free-turbine is not allowed to vary, the free-txrrbine engine is 
much less versatile than the single-spool engine. Requiring the inlet 
equivalent weight flow to the free-turbine to remain constant implies 
that the first stator is operating in a choked condition with a fixed 
area. 


For the example shown in table II, a turbine- inlet temperature of 
2100° R was assigned at the sea- level static condition (o), and constant 
exhaust-nozzle area was assumed. The values listed for turbine- inlet 
temperature, free-turbine pressxore ratio, power, and sfc are the only 
ones possible at the other flight conditions if operation is restricted 
to constant equivalent con^xressor speed (mode HI). These values were 
obtained from figures 5 and 6 by assimilng that the sea- level static value 
of entrance equivalent weight flow (wy^/S*A^)^g^ to the free-txrrblne 

prevailed at the other flight conditions. If an increase in turbine- 
inlet temperature is desired at flight condition A in order to obtain 
more power and lower sfc, it coiold be obtained by increasing the rota- 
tive speed of the engine. However, the Increase in turbine- inlet tem- 
perature that can be obtained in this manner is 'restricted by the increas- 
ing blade stress and a deterioration of compressor performance. Another 
alternative would be to design for a high txirbine- inlet temperature at 
flight condition A and then derate the engine at condition 0 by not 
utilizing the maximum tenperatxrre possible. In conclusion, if adjustable- 
area stators cannot be employed in the free-turbine, the free-turbine 
engine is restricted in the range of tiirblne- inlet temperature over which 
it can operate and is therefore less versatile than the single-spool 
engine. . . .. - 


Turbine Stress and Frontal Area 

The centrifugal stress at the hub of the last turbine rotor for a 
single-spool engine operating under mode I with constant exhaust-nozzle 
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area = 1.40) is presented in figure 7, With respect to stress, 

these operating conditions and this engine configuration represent the 
most critical conditions analyzed. However, the stresses calc\ilated were 
a mini m um for these conditions, since the turbine was considered to be 
at limiting loading at all times. 

The left side of figure 7 shows the effect of both flight condition 
and turbine- inlet temperature on stress. By f blXovilng the figure to the 
right side as indicated, total temperature relative to the rotor may be 
determined for any given flight condition and turbine- inlet temperature. 
The total temperature relative to the rotor is, for practical purposes, 
the blade metal temperature at these conditions. A 100-hour stress- 
rupture c\arve for a common high- temperature blade material terminated by 
the curve for the 0.2-percent offset yield strength of this material is 
superimposed on the right side of figure 7. Stresses to the left or 
below these curves are within the material stress limits for a 100-hoior 
life. 


For the flight conditions considered in figiire 7, tiirbine- inlet tem- 
peratures up to 2600° R can be reached without the exit stress exceeding 
the 100-hour stress -rupture limits. However, these stresses are a minimum 
for the flight conditions shown, and ho design factor of safety has been 
employed. The increase in stress with altitude and flight speed results 
prijuarily from the Increase in tiorblne-exlt annular 6irea required, as 
reflected by the turbine total- press'ure ratio obtained under mode I with 
constant exhaust- nozzle area (fig. 3). In this case, it is obvious that, 
at altitude, the blade stress could bis" greatly reduced by decreasing the 
exhaust -nozzle area and hence the required turbine pressure ratio. For 
example, at flight condition A, the stress at a turbine- inlet temperature 
of- 2200° R could be reduced from 70,CpO to less than 50,000 povinds per 
sqxiare inch without increasing the specific fuel consumption. However, 
this would require a large reduction ,in exhaust-nozzle area, a reduction 
in the area ratio from 1.40 to 0.93. The problem could also be 

alleviated by operating under mode II or III with their reduced rotative 
speeds at altitude, or by utilizing a free-turblne, the rotative speed 
of which would be independent of the jcompressor characteristics. At sea- 
level flight, however, the stress foil modes II and III would be greater 
than for mode I. 

The centrifugal stress at the hub of the first rotor was estimated 
to be between 10,000 and 12,000 pounds per square inch. The first-rotor 
stress is ass\mied to be constant for: all flight conditions and tiirbine- 
inlet temperatures, because, under mode I for the single-spool engine, 
the first tiorblne stator was assumed to be always choked. For mode III 
the stress would be somewhat less at i altitude than for mode I because 
of the reduced rotative speed - approximately 12 percent at flight 
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condition A. For stresses of the order of 10^ (XX) poxinds per sctuare inch, 
reference 10 indicates that turbine- inlet ten 5 >eratureB as high as 2600° R 
would require very little cooling-air flow. 

!Ehe ratio of turbine to compressor frontal area is plotted against 
turbine- inlet temperature in figure 8 for the various flight conditions. 
Here again a single-spool engine operating under mode I with constant 
exhaiist- nozzle area (Ag/A^ = 1.40) is considered, because it would re- 
quire the largest t'urbine frontal areas. Similarly to figure 7, the 
turbine frontal areas in figure 0 were a miniTtruTn for these corKiltions, 
since the turbine was considered to be at limiting loading at a.1 1 times. 
The turbine blade tip speed is also shown in figure 8 for a compressor 
blade tip speed of 1168 feet per second. 

It would be dlfficiilt from the present limited analysis to determine 
what maxlmtmi ttorbine frontal area could be tolerated. However, it appears 
from figure 8 that the turbine frontal area at the higher altitudes and 
speeds may already have exceeded a practical size limit. Areas as small 
as those shown for the sea- level-static cxarve (condition 0) could be 
achieved at the altitude conditions if the required turbine design pres- 
sure ratio were reduced by decreasing the exhaust-nozzle area. For the 
same exanqjle used previously to indicate how the exit stress could be 
reduced without increasing sfc, the ratio of turbine to con^ressor 
frontal area coxold be reduced from 2.14 to 1.51,_ A variable exhaiist- 
nozzle area would, therefore, be beneficial in reducing both ttirbine 
frontal area and turbine stress and, as pointed out in reference 2, would 
make the other turbine requirements less critical without seriously af- 
fecting engine performance. 

The turbine tip speeds shown in figure 8 are higher than those nor- 
mally considered in turbine designs. However, high turbine tip speeds 
are not a hindrance in designing an efficient turbine if the resulting 
turbine stress is not a problem. It has been noted that turbine blade 
stress need not be a problem for these engines. 

Tn converting the net jet thrust into equivalent shaft horsepower, 
a propeller efficiency of 80 percent was assumed. This assumed propeller 
efficiency does not influence the values of sfc cal ciliated to any 
great extent, because the equivalent shaft horsepower of the net thrust 
is, in general, a small part of the engine power for the conditions 
considered. 
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SUMMARY OP RESULTS 

The effects of mode of engine operation^ engine configuration^ and 
airplane flight condition on the perfonoEince of a tiirboprop engine with 
a hlgh-press\jre-ratlo single-spool c<^mpressor were investigated. The 
following results and conclusions were obtained: 

1. The lowest specific fuel consumption for an engine with constant 
exhaust-nozzle area occurred at the highest flight velocity and altitude 
considered. Either decreasing the flight velocity or decreasing the 
altitude below the tropqpause resiilted in hl^er specific fuel consump- 
tion for the engine. Minor improvement in specific fuel consumption at 
some fll^t conditions could be obtained by varying the exhaust-nozzle 
area. 


2. For all flight conditions, the Tti-lnlTmam specific-fuel- consumption 
values of the hl^-pressure-ratio engine were less than those of the 
low-pressure-ratio engine previously analyzed. The percentage change 
in specific fuel consumption with altitude and fl'i gh t speed for the 
high-pressure -ratio engine was less than for the low-pressiire-ratlo 
engine . 


3. The mode of engine operation had little effect on specific fuel 
consumption for the single-spool engine. HoweverV f or mode II (com- 
pressor design -point operation) , the engine power was not limited by 
compressor surge. Comparable specific-fuel- consumption values for the 
free-turbine engine were obtained udder mode I (constant campressor 
mechanical speed) and mode III (constant compressor equivalent speed) . 

4. The free-turbine and single-^spool engines differ mainly in tur- 
bine requirements, which are more critical for the free-turbine. 


5. If variable-area stators capnot be employed in the free-turbine^ 

the engine is restricted in the range of turbine- inlet temperature over 
which it can opera,te and is therefore less _ versatile than the single- 
spool engine. ' ' — - - „ 

6. For constant- exhaust-nozzle.T-area .operation^ turbine blade stress 
and frontal area become quite large, at high flight speed and altitude, 
being greatest for the single- spool! engine c^eratlhg under mode I. A 
variable exhaust-nozzle area would therefore make it possible to design 
for much smaller turbine blade stress and frontal area in addition to 
maki ng the Other t\irhine requirements less critical, little, if any, 
penalty in specific fuel consumption would he incmred from closing 
down the exhaxist nozzle at high flight speed and altitude. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee far Aeronautics 
Cleveland, Ohio, February 24, 1955 
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TABLE I. - EFFECT OF FLIGHT CONDITIOH AND TURBINE -INIET 
TEMPERATURE ON TURBINE DESIGN REQUIREMENTS 


[Mode HI and constant exhaust- nozzle area.J 


Fligfht 

condi- 

tion 

Turbine- 

inlet 

temper- 

atvire, 

°R 


TT : — ■ ■ " ■ 

Free-turbine engine.' 

- ^ 

Single- 

spool 

engine 

Free- 

turbine 

total- 

pressure 

ratiOj 

I’ia/l'5 

Inlet 

equivalent 
weight 
flow to : 
free- 
turbine , • 
/wV^M 
\5’Ac Aa 

Gas- 

generator- 

turbine 

total- 

pressure 

ratio. 

Over- all 

turbine 

total- 

pressure 

ratio, 

pi/p^ 

Turbine 
total- 
pressure 
ratio , 

P^/P^ 

(a) Effect of flisNt condition 

0 

2100 

1 

2.14 

20.5 

5.4 

11.56 

11.6 

A 

2100 

3.90 

17.2 

4.5 

17.55 

17.1 


- ■■ 

(b) Effect of turbljLe- 

■inlet temperature 


n 

1600 

2.24 




16.0 

■ol 

2600 

5.25 




17.9 




TABLE n. - ENGINE MATCH POINTS AT VARIOUS FHGHE CONDITIONS 

FOR CHDKED FREE-TURBINE 


[Mode TTJ and constant exhaust-nozzle area, j) 


Flight 

condi- 

tion 

Turbine - 
inlet 
temper- 
ature, 

°R 

Free- 

turbine 

total-. 

pressure 

ratio, 

hJh 

Inlet; 
equivalent 
weight 
flow to 
free-: 
turbine , 

A V^) 

l^’AcAa 

1 

Gas- 

generator- 

turbine 

total- 

pressure 

ratio, 

H/Ha 

Eng-f nf> 

Specific 

fuel 

constmp- 

tion, 

sfc, 

Ib/hp-hr 

power 
output, 
P*/Ac. 
bp/ 
sq ft 
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®-2100 

2.14 

20 


5. 

42 

2720 

0.531 

A 

1850 

3.15 





1140 

.361 
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1700 

2.59 
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.409 
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2 . 55 
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(b) Free- turbine engine. 

Figure 1. - Schematic diagrams of tvD engines analyzed. 


H 


KACA EM S55B18 















Compreasor total-presBure ratio, p^p. 


18 


MCA EM E55B18 


-N 



Figure 2. - Coiqpreasor map with ten^ieratiire- ratio llaea 
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(a) Plight oondltloi 0. 

Figure 3. - Effect of flight condition and mode of engine operation on design requlrenente for elngle-Bpool engine. 
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(a) Hode I. 

PlEgure - Variation In apeolflo fuel coDauaptlon h 1U> engine poner for alngle-apool engine with oonatant 
ejdiBuat-nozzla area. Ratio of exnauet-nozale area to oonpneeaor frcntal area, 1.4. 
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Figure 4. - Contlimed. 
exhauBt-nossls area. 


Ja^i*tlon In specific fuel oonsumptlon with engine power for single-spool eiglnt with oonstant 
Ratio of exhaust -noszle area to oompiressor frontal area, 1.4. 
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(c) Mode III. 

Figure 4. - Cc»icluded. Variation In. apeclflo fuel consumption with engine power for single-spool 
engine with constant exhaust-nozzle area. Ratio of exhaust-nozzle area to cocspressor frontal 
area, 1.4. 
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Figure 6. - Fariatlcn In spealfio fuel oonaudiptlQn with engine power for free-turblm 
ezhauat-noezle area. Ratio of ejchauit-nozzle area to oongyreBaor frontal area, 1.4. 
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Figure 8. - Effect of turbine- inlet temperature and flight condition on 
turbine frontal area. Single- spool engine; mode I operation with 
constant exhaust-nozzle area. 
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